Proteinase-activated receptor 2 (PAR2) is a G proteincoupled receptor that is activated by trypsin-like proteinases. PAR2 is detected in breast tumor specimens; however, it is not clear how PAR2 level in breast cancer cell/tissues compares with normal cell/tissues. Here, we show the elevation of PAR2 protein level in 76 of 105 breast tumor specimens but only 5 of 24 normal breast tissues. PAR2 level is also higher in breast cancer cell lines than that in normal breast cells and non-cancerous breast cell lines. To determine the role of PAR2 in breast carcinogenesis, we examined the effect of PAR2 agonists on cell proliferation and migration. Our studies show that PAR2 agonists (PAR2-activating peptide and trypsin) are neither potent growth enhancers nor chemoattractants to breast cancer cells. Instead, PAR2 agonists induce significant chemokinesis. PAR2-mediated chemokinesis is G ai -dependent, and inhibiting Src kinase activity or silencing c-Src expression blocks PAR2-mediated chemokinesis. These results suggest that c-Src works downstream of G ai to mediate this PAR2 agonist-induced event. To characterize c-Src effector, we reveal that PAR2 agonists activate JNKs in a Src-dependent manner and that JNK activity is essential for PAR2-mediated chemokinesis. Moreover, PAR2 agonist stimulation leads to paxillin Ser 178 phosphorylation and paxillin(S178A) mutant inhibits PAR2-mediated chemokinesis. In conclusion, our studies show that PAR2 agonists facilitate breast cancer cell chemokinesis through the G ai -c-Src-JNKpaxillin signaling pathway.
Introduction
Proteinase-activated receptor 2 (PAR2) is the second member of the unique subfamily of four members within the superfamily of G protein-coupled receptor (Cottrell et al., 2003) . Rather than simple ligand-receptor interaction that is responsible for receptor activation in most G protein-coupled receptors, PAR2 is activated by the newly exposed amino-terminus that serves as a tethered ligand domain (Trejo, 2003) . The tethered ligand domain is generated through proteolytical cleavage of the extracellular amino-terminus of PAR2 by PAR2 agonists including trypsin, tryptase, tissue factor (TF)-factor VIIa complex and factor Xa (Trejo, 2003) . Synthetic receptor-activating peptide, whose sequence is identical to that of the tethered ligand domain, can mimic the action of natural PAR2 agonists (Cottrell et al., 2003; Trejo, 2003) . PAR2 activation triggers robust cellular responses including cell proliferation and cytokine/protease expression (Cottrell et al., 2003; Ramachandran and Hollenberg, 2008) . PAR2-mediated events are coupled to G i and G q -associated signaling pathways (Ramachandran and Hollenberg, 2008) .
Accumulating evidence generated from recent in vitro and in vivo experimental studies strongly implicates an active role of PAR2 in tumor progression and development. For example, PAR2 is expressed at more pronounced level in prostate, gastric cancers and melanoma (Massi et al., 2005; Caruso et al., 2006; Black et al., 2007) . PAR2 activation promotes cell proliferation in various cancer cell types including colon, gastric, cervical and pancreatic cancer cells (Darmoul et al., 2004; Nishibori et al., 2005; Yada et al., 2005; Caruso et al., 2006; Sanchez-Hernandez et al., 2008) . PAR2 agonists induce Cox-2 expression in lung cancer cells (Wang et al., 2008) , MMP 2/9 production in prostate cancer cells (Wilson et al., 2004) and VEGF secretion in breast cancer cells (Liu and Mueller, 2006) . Genetic studies have linked PAR2 to VHL-associated renal cell carcinoma progression (Abdulrahman et al., 2007) . Moreover, studies performed in in vivo experimental model show that PAR2 significantly contributes to hypoxia-induced angiogenesis (Uusitalo-Jarvinen et al., 2007) and melanoma metastasis (Shi et al., 2004) . As monoclonal antibodies that functionally block PAR2 can effectively suppress tumor growth in xenograft models (Versteeg et al., 2008) , PAR2 may represent an attractive therapeutic target for circumvention of breast malignancies.
A recent study reported the presence of PAR2 in several established breast cancer cell lines and infiltrative ductal breast tumors (Matej et al., 2007) . PAR2 activation by tissue-factor-factor VIIa and Xa complex was shown to increase breast cancer cell migration (Hjortoe et al., 2004; Morris et al., 2006) and trypsinlike proteases secreted by breast cancer cells per se shown to stimulate cell migration through PAR2 in an autocrine manner (Ge et al., 2004) . However, it is not clear how PAR2 levels in breast cancer cells and breast tumor specimens are compared with non-cancerous breast cells and normal breast tissues. Moreover, the intrinsic signaling mechanism associated with PAR2 agonist-induced breast cancer cell migration is also not well defined so far.
Paxillin is a focal adhesion molecule known to participate in cell adhesion and cell migration (Schaller, 2001) . Throughout its protein sequence, paxillin contains a number of serine/threonine and tyrosine phosphorylation sites (Brown and Turner, 2004) . Phosphorylation of these sites in response to extracellular stimuli can recruit signaling molecules to the focal adhesion and thus facilitate cell migration. For example, focal adhesion kinase (FAK) phosphorylates paxillin at Tyr 31 and Tyr 118 that generate binding sites for SH2-containing proteins such as CrkII (Schaller and Parsons, 1995) . Also, JNK phosphorylates paxillin on Ser 178 (Huang et al., 2003) that is required for FAKpaxillin interaction and FAK-mediated paxillin phosphorylation (Huang et al., 2008) . JNK-mediated paxillin Ser 178 phosphorylation has been found to be essential for cell migration of various cell types, including rat bladder tumor cells (Huang et al., 2003) , human hepatocellular carcinoma (Ching et al., 2007) and corneal epithelial cells (Kimura et al., 2008) .
In this study, we analysed PAR2 levels in both primary breast tumors and normal breast tissues. PAR2 levels are elevated in breast tumor specimens. Similarly, PAR2 expression is also high in almost all breast cancer cell lines we tested but is not detected in the primary mammary epithelial cells and very low in immortalized, non-cancerous breast cell lines. In further studies, we show that PAR2 agonists (PAR2-activating peptide and trypsin) only promote significant cell migration when the agonists are in the direct contact with cells, indicating that they are chemokinesis stimulator rather than chemoattractants. In an effort to delineate the signaling mechanism associated with PAR2 agonist-induced breast cancer cell chemokinesis, we showed that the signaling pathway consisting of G ai -c-Src-JNK is required for PAR2 agonist action. Moreover, we presented evidence that this pathway may impact PAR2 agonistinduced chemokinesis by facilitating paxillin Ser 178 phosphorylation.
Results
PAR2 levels are elevated in breast cancer cell lines and breast tumor specimens Although a recent study reported the detection of PAR2 expression in both established breast cancer cell lines and infiltrating ductal breast cancer surgical specimens (Matej et al., 2007) , it is not clear how PAR2 levels in breast tumors are compared with non-tumorigenic breast cells and normal breast tissues. To answer this question, we examined PAR2 expression in human primary mammary epithelial cells, immortalized noncancerous breast cell lines (ME16C, 184A1 and MCF-10A) and established breast cancer cell lines (BT549, MCF-7, MDA-MB-231, MDA-MB-435S, MDA-MB-436, SK-BR3, T47D and ZR-75-1) by immunoblotting with anti-PAR2 mAb. PAR2 expression was not detectable in human primary mammary epithelial cells and low in non-cancerous breast cell lines ( Figure 1A ). In contrast, all breast cancer cell lines, with the exception of T47D line, exhibited much greater PAR2 expression ( Figure 1A ). To determine PAR2 levels in normal breast and breast tumors, we carried out PAR2 immunohistochemistry on tissue specimens from 105 breast tumors (90 invasive ductal carcinomas, 5 medullary carcinomas, 5 infiltrating lobular carcinomas and 5 mucinous adenocarcinomas) and 24 normal breast tissues (isolated from area adjacent to breast tumors) ( Table 1 ). Considering specimens with over 25% of cells positive for PAR2 staining as PAR2 overexpression (staining grade þ þ and þ þ þ ), only 5 of 24 normal breast tissues showed PAR2 overexpression (5/24, 20.8%), whereas PAR2 overexpression was seen in 68 of 90 ductal carcinomas (75.6%, Po0.001 vs normal), 5 of 5 medullary carcinomas (100%) and 3 of 5 mucinous adenocarcinomas (60%) ( Figure 1B , Supplementary Figure S1 and Table 1 ). Interestingly, none of the infiltrating lobular carcinomas displayed PAR2 overexpression ( Figure 1B , Supplementary Figure S1 and Table 1 ). These results indicate that PAR2 levels are elevated in breast tumors in comparison with the normal breast tissue (tumor vs normal: 72.4 vs 20.8%; Po0.001).
PAR2 agonists promote breast cancer cell chemokinesis Proteinase-activated receptor 2 activation leads to cell proliferation and migration in various cancer types (Darmoul et al., 2004; Shi et al., 2004; Nishibori et al., 2005; Yada et al., 2005; Caruso et al., 2006; Abdulrahman et al., 2007; Sanchez-Hernandez et al., 2008) . As PAR2 expression is elevated in breast cancer cells, we reasoned that PAR2 activation might also promote breast cancer cell proliferation and migration. To test this possibility, we first examined the effect of PAR2 agonists, trypsin and PAR2-activating peptide SLIGRL (PAR2-AP), on cell growth of MDA-MB-231, MDA-MB-436, T47D and ZR-75-1 lines. Cells were cultured in the presence of trypsin (0.1, 0.3 and 1 nM) or PAR2-AP (10, 50 and 100 mM) for 3 days, and MTT assay was performed to measure cell numbers. No enhancement in cell growth was observed with T47D cells and statistically insignificant 10-20% increase detected in MDA-MB-231, MDA-MB-436 and ZR-75-1 at 1 nM trypsin and 100 mM PAR2-AP (data not shown). These results suggest that PAR2 agonists are not potent growth stimulators to breast cancer cells.
We next examined the effect of trypsin and PAR2-AP on MDA-MB-231 cell migration using Transwells. Various concentrations of trypsin (0.1, 0.3 and 1 nM) or PAR2-AP (10, 50 and 100 mM) were either added into the underwells or upper wells or both, and cells were then allowed to migrate for 4 h. No significant stimulation in cell migration was observed when PAR2 agonists were present in underwells (Figure 2a ). In contrast, more than twofold increase in cell migration was detected when 1 nM trypsin or 100 mM PAR2-AP was present in the upper wells or in both under and upper wells (Figure 2a) . In further experiments, we analysed cell migration with MDA-MB-436, T47D and ZR-75-1 cells by adding PAR2-AP in both upper and underwells. PAR2-AP induced significant cell migration in MDA-MB-436 and ZR-75-1 cells, while it did not significantly alter T47D cell migration (Figure 2b ). The inability of PAR2-AP to induce T47D cell migration may be explained by the low PAR2 expression in this line ( Figure 1A ). These results suggest that PAR2 agonists can potently induce breast cancer cell migration in a chemokinesis, but not chemotaxis mechanism.
To confirm the role of PAR2 in trypsin and PAR2-AP-induced cell migration, we used lentiviral vector to deliver two PAR2-specific shRNAs (short hairpin RNA) to knockdown PAR2 expression in MDA-MB-231 cells (Supplementary Figure S1A) . Both PAR2 shRNAs effectively inhibited PAR2-AP-induced chemokinesis (Supplementary Figure S1B) , while control luciferase shRNA displayed no effect on this PAR2-AP-induced event (Supplementary Figure S1B) . In a parallel experiment, we also examined the effect of various concentration of PAR2-AP on the migration of both control and PAR2 knockdown cells. A dose-dependent cell migration was observed with the control cells but not in PAR2 knockdown cells (data not shown). These results thus confirm the role of PAR2 in PAR2 agonist-induced breast cancer cell migration.
G ai -associated signaling pathway mediates PAR2 agonist-induced chemokinesis Proteinase-activated receptor 2-associated events can be potentially mediated by G i -and G q -coupled signaling pathways (Arora et al., 2007; Ramachandran and Hollenberg, 2008) . G 12/13 -coupled signaling has also been reported to mediate cellular events associated with PAR1 (Ramachandran and Hollenberg, 2008) , another member of PAR family. To take advantage of the availability of G i inhibitor purtussis toxin and the knowledge that G 12/13 and G q can be specifically inhibited by the G protein signaling (RGS) regions of p115RhoGEF and GRK2, respectively (Kozasa and Ye, 2004) , we either treated MDA-MB-231 and MDA-MB-436 cells with 1 mg/ml pertussis toxin for 1 day to block G i or expressed p115RhoGEF's RGS or GRK2's RGS for 2 days to block G 12/13 or G q , respectively. Cells were added into transwells in the presence of 100 mM PAR2-AP, and allowed to migrate for 4 h. Purtussis toxin completely abolished PAR2-AP-induced cell migration ( Figure 3a) ; in contrast, the expression of p115Rho-GEF-RGS or GRK2-RGS did not significantly alter cell migration (Figure 3a ), although they were capable of blocking lysophosphotidic acid-induced SRE promoter and PLCb activation, respectively, in our previous study (Bian et al., 2006) . These results suggest that the PAR2 in breast cancer S Su et al G i -coupled signaling pathway mediates PAR2 agonistinduced breast cancer cell chemokinesis.
As G i -mediated events can be mediated through both G ai and G bgi subunits, we introduced G a2i minigene (an 11-amino acid G a2i carboxyl terminal) or the carboxylterminus of the b-adrenergic receptor kinase (b-ARKct) into MDA-MB-231 or MDA-MB-436 cells to respectively inhibit G ai and G bgi . The expression of G ai2 minigene inhibited over 80% of PAR2-AP-induced cell migration ( Figure 3b) ; in contrast, b-ARKct expression displayed little effect on cell migration (Figure 3b) . To confirm the ability of G ai2 to facilitate cell migration, we expressed constitutively active G ai2 (Q205L) in MDA-MB-231 and T47D cells and observed that cells expressing G ai2 Q205L displayed over twofold increase in cell migration over the empty vector-transfected cells Figure S2) . These results suggest that G ai -, but not G bgi -coupled signaling pathway mediates PAR2 agonist-induced chemokinesis.
c-Src is involved in PAR2 agonist-induced chemokinesis Recent studies have shown that G ai directly regulates the activities of the Src family kinases c-Src and Hck (Ma et al., 2000; Ciccarelli et al., 2007) . As Src family kinases are well identified as the key molecules in cell migration process (Parsons and Parsons, 2004) , we hypothesized that PAR2 agonists induced breast cancer cell migration through G ai regulation of Src family kinase activity. To test this hypothesis, we first determined whether PAR2 agonists could activate Src family kinases. MDA-MB-231 cells were treated with 1 nM trypsin or 100 mM PAR2-AP for various times, then lysed and cell lysates subjected to immunoblotting to detect active Src with anti-phosphor-Src(Tyr418) polyclonal antibody. Both trypsin and PAR2-AP induced Src Tyr 418 phosphorylation and peak phosphorylation observed between 5 and 10 min for both agonists (Figure 4a) . However, 1-day pretreatment of purtussis toxin abolished PAR2 agonist-induced Src Tyr 418 phosphorylation (Figure 4b ). These results show that (1) PAR2 agonists can activate Src and (2) PAR2 agonist-induced Src activation is G i -coupled.
To determine the importance of Src activity in PAR2 agonist-induced chemokinesis, we treated MDA-MB-231 and MDA-MB-436 cells with PP1 (a Src kinase chemical inhibitor) or PP3, a non-functional structural analog of PP1 for 2 h and then assayed PAR2 agonistinduced cell migration. PP1 but not PP3 diminished trypsin or PAR2-AP-induced chemokinesis (Figure 4c ). To further confirm the role of Src in PAR2-mediated cell migration, we overexpressed wild-type Csk (kinase that inactivates Src) or kinase-dead Csk in MDA-MB-231 and MDA-MB-436 cells with the aid of adenovirus. Forced expression of wild-type Csk, but not kinase-dead Csk, inhibited trypsin or PAR2-AP-induced cell migration (data not shown). These results clearly show that the activity of Src family kinase is essential for PAR2 agonist-induced chemokinesis.
We next attempted to define the importance of c-Src and Hck in PAR2 agonist-induced chemokinesis by individually silencing c-Src or Hck with specific small interfering RNAs (siRNAs). Although c-Src and Hck siRNAs (but not control siRNA) specifically reduced their respective target expression, only c-Src siRNAs significantly inhibited trypsin or PAR2-AP-induced MDA-MB-231 chemokinesis (Figure 4d ). These results place c-Src as the G ai downstream effector to mediate PAR2 agonist-induced chemokinesis.
JNKs work downstream of c-Src to mediate PAR2 agonist-induced chemokinesis Recent studies show that c-Src may facilitate cell migration through various signaling molecules, including members of MAPK families and PI3K (Parsons and Parsons, 2004) . To define the signaling pathwayassociated with c-Src action, we treated MDA-MB-231 cells with 2 mM U0126 (MEK1/2 inhibitor), 10 mM SP600125 (JNK inhibitor), 10 mM SB203580 (p38 MAPK inhibitor) or 50 mM LY294002 (PI3K inhibitor) for 2 h, and then analysed trypsin or PAR2-AP-induced chemokinesis. No significant inhibitory effect in PAR2 agonist-induced cell migration was observed with cells treated with U0126, SB203580 or LY294002 (Figure 5a ). However, pre-treatment with SP600125 resulted in almost complete inhibition in trypsin or PAR2-APinduced chemokinesis (Figure 5a ). To confirm the role of JNKs in PAR2 agonist-induced cell migration, MDA-MB-231 cells were transfected with JNK1 or JNK2 siRNAs either individually or together for 3 days. Although JNK1 or JNK2 siRNA was capable of effectively silencing their respective targets (Figure 5b) , These results suggest that (1) JNK activity is required for PAR2 agonist-induced chemokinesis; and (2) both JNK1 and JNK2 contribute to this PAR2 agonistinduced event.
To investigate whether c-Src and JNKs were functionally linked in the process of PAR2 agonist-induced Figure 4 c-Src is involved in PAR2 agonist-induced chemokinesis. (a) Overnight-starved MDA-MB-231 cells were stimulated with either 1 nM trypsin or 100 mM PAR2-AP for various times (5, 10, 30 and 60 min), then lysed and cell lysates subjected to immunoblotting to detect phosphor-Src(Y418) and c-Src with the respective antibodies. (b) MDA-MB-231 cells were treated with 1 mg/ml purtussis toxin (PTX) for 24 h and then stimulated with 1 nM trypsin or 100 mM PAR2-AP for 10 min. Cells were lysed and cell lysates subjected to immunoblotting to detect phosphor-Src(Y418) and c-Src. (c) MDA-MB-231 or MDA-MB-436 cells were treated with 10 mM PP1 or PP3 for 2 h. Cells were detached with phosphate-buffered saline (PBS) containing 10 mM EDTA, then added to transwells and allowed to migrate for 4 h in a chemokinesis condition (1 nM trypsin or 100 mM PAR2-AP in both upper and underwells). Data are the mean ± s.e. n ¼ 3, *Po0.005 vs basal. (d) MDA-MB-231 cells were treated with 100 nM control, c-Src or Hck siRNA pool for 3 days. Data are the mean ± s.e. n ¼ 3, *Po0.005 vs basal. Cells were detached with (PBS) containing 10 mM EDTA, then washed with serumfree medium and resuspended in serum-free medium. Half of the cell suspension was spun and the pellets lysed for immunoblotting to detect c-Src, Hck or b-actin with the respective antibodies. The other half of the cell suspension was analysed for both trypsin-and PAR2-AP-induced chemokinesis.
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S Su et al chemokinesis, we first examined the effect of PAR2-AP on the activation of MAPKs, including Erk, JNK and p38 MAPK. MDA-MB-231 cells were stimulated with 100 mM PAR2-AP for varying times, then lysed and cell lysates subjected to immunoblotting to detect Erk, JNK and p38 phosphorylation with the respective phosphorspecific antibodies. PAR2-AP activated Erk and JNK in a similar pattern with the detectable induction of phosphorylation at 5 min and peak phosphorylation between 10 and 30 min (Figure 5c ). However, the induction of p38 MAPK phosphorylation occurred at much later times (>30 min) (Figure 5c ). To determine the importance of c-Src activity in PAR2-AP-induced MAPK activation, we treated MDA-MB-231 cells with PP1 or PP3 for 2 h followed by the stimulation of PAR2-AP for 10 (for analysing Erk and JNK) or 60 min (for analysing p38). Both PP1 and PP3 did not alter the degree of PAR2-AP-induced Erk or p38 MAPK phosphorylation (Figure 5d ). In contrast, PP1 but not PP3 diminished PAR2-AP-induced JNK phosphorylation (Figure 5d ). These results suggest that (1) the distinct signaling mechanisms are responsible for PAR2-AP-induced Erk, JNK and p38 MAPK activation; (2) Src activity is specifically required for JNK activation; and (3) JNKs may work downstream of c-Src to facilitate breast cancer cell chemokinesis. Recent studies show that c-Src is capable of activating small GTPases Ras (Xie and Herschman, 1995) , Rac (Yamauchi et al., 2002) , Cdc42 (Yamauchi et al., 2002; Miyamoto et al., 2003) and RhoA (Nagao et al., 1999) , and all of them can activate JNKs by directly interacting with JNK upstream kinase MEKK1 (Russell et al., 1995; Fanger et al., 1997; Gallagher et al., 2004) . To , then lysed and cell lysates subjected to immunoblotting to detect phosphor-Erk, Erk2, phosphor-JNK, JNK1 phosphor-p38 and p38a with the respective antibodies. (d) MDA-MB-231 cells were treated with PP1 or PP3 (2 and 10 mM) for 2 h and then stimulated with 100 mM PAR2-AP for 20 or 60 min. Cell lysates harvested from 20-min stimulation group were subjected to immunoblotting to detect phosphor-Erk, Erk2, phosphor-JNK and JNK1. Cell lysates harvested from 60-min stimulation group were analysed for level of phosphor-p38 and p38a. In c and d, the levels of Erk1 and JNK2 were also measured with the respective polyclonal antibodies. We detected no difference in their protein levels upon the treatment.
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determine the potential involvement of those small GTPases in PAR2 agonist-induced JNK activation, we expressed Myc-tagged dominant negative forms of H-Ras (N17), Rac1 (N17), Cdc42 (N17) or RhoA (N19) in MDA-MB-231 cells. Cells were stimulated with 100 mM PAR2-AP for 10 min and cell lysates analysed for JNK phosphorylation. Immunoblotting with Myc tag mAb showed that all dominant negative molecules expressed at similar levels (Supplementary Figure S3) , but only dominant negative Rac1 significantly blocked PAR2-AP-induced JNK phosphorylation (Supplementary Figure S3 ). These results suggest that a signaling pathway consisting of G ai -c-Src-Rac1-JNK1/2 mediates PAR2 agonist-induced chemokinesis.
JNK-mediated Paxillin serine phosphorylation is essential for PAR2 agonist-induced chemokinesis Recent studies show that direct phosphorylation of paxillin at Ser 178 by JNK play an important role in the regulation of cell migration (Huang et al., 2003; Ching et al., 2007) . We hypothesized that JNK participated in PAR2 agonist-induced cell migration by promoting paxillin Ser 178 phosphorylation. To test this hypothesis, MDA-MB-231 cells were treated with 1 nM trypsin or 100 mM PAR2-AP for varying times, then lysed and cell lysates analysed for paxillin Ser 178 phosphorylation. Both trypsin and PAR2-AP induced paxillin phosphorylation at 10 min and maximum phosphorylation detected between 20 and 30 min (Figure 6a ). However, pre-treatment of cells with PP1 or SP600125 inhibited PAR2 agonist-induced paxillin Ser 178 phosphorylation (Figure 6b) .
To determine the importance of paxillin Ser 178 phosphorylation in PAR2 agonist-induced cell migration, we overexpressed wild-type paxillin or paxillin (S178A) mutant in MDA-MB-231 and MDA-MB-436 cells. Forced expression of wild-type paxillin or paxillin(S178A) overexpression did not display apparent effect on basal-cell migration (Figure 6c) , suggesting that the levels of paxillin alone are not sufficient to regulate cell migration. In contrast, paxillin(S178A), but not wild-type paxillin, inhibited over 70% of PAR2-AP or trypsin-induced cell migration (Figure 6c) . These results suggest a signaling pathway in which PAR2 agonist activates JNKs through G ai -c-Src, which in Figure 6 Paxillin (PXN) Ser 178 phosphorylation is linked to PAR2 agonist-induced chemokinesis. (a) Overnight-starved MDA-MB-231 cells were stimulated with 1 nM trypsin or 100 mM PAR2-AP for various times (10, 20, 30 and 60 min), then lysed and cell lysates subjected to immunoblotting to detect phosphor-paxillin(S178) and paxillin with the respective antibodies. (b) MDA-MB-231 cells were treated with PP1 (2 and 10 mM) or SP600125 (5 and 20 mM) for 2 h and then stimulated with 100 mM PAR2-AP for 30 min. Cells were lysed and cell lysates subjected to immunoblotting to detect phosphor-paxillin(S178) and paxillin. (c) MDA-MB-231 or MDA-MB-436 cells were transfected with empty vector (control) or vector encoding wild-type paxillin [PXN(wt)] or paxillin containing S178A mutation [PXN(S178A)]. Cells were detached, then added to transwells and allowed to migrate for 4 h in a chemokinesis condition (1 nM trypsin or 100 mM PAR2-AP in both upper and underwells). Data are the mean ± s.e. n ¼ 3, *Po0.005 vs basal.
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Discussion
Proteinase-activated receptor 2 levels are elevated in prostate, gastric cancers and melanoma (Massi et al., 2005; Caruso et al., 2006; Black et al., 2007) . Recent studies also show the presence of PAR2 expression in ductal breast tumor specimens and surrounding stromas (D'Andrea et al., 2001; Matej et al., 2007) . However, it has not been examined whether PAR2 expression is elevated in breast tumors. In this study, we found that PAR2 was present in 72.4% of breast tumor specimens but in only 20.8% of normal breast tissues ( Figure 1B , Supplementary Figure S1 and Table 1 ). Similarly, PAR2 levels are significantly higher in breast cancer cell lines than normal breast and non-cancerous breast cell lines. The observation made with the established cell lines and limited size of primary tissue samples show that PAR2 levels are elevated in breast cancer cells.
Recent studies with colorectal cancer show that PAR2-trypsin system facilitates colorectal carcinogenesis by promoting cell proliferation and migration/ invasion (Soreide et al., 2006) . In this study, we found that PAR2 agonists (trypsin and PAR2-AP) are neither potent growth stimulators nor chemoattractants to breast cancer cells. Instead, PAR2 agonists have the pronounced effect on breast cancer cell chemokinesis (Figure 2 ). These findings suggest that PAR2 system most likely facilitates breast carcinogenesis by assisting cells departing from the primary sites rather than serving as a chemotactic signal for cancer cells traveling to the distant sites.
Two early studies showed that PAR2 mediated TF-factor VIIa and Xa-induced breast cancer cell migration, and that both were able to stimulate cell migration as chemoattractants (Hjortoe et al., 2004; Morris et al., 2006) . These reports are different from our observation that trypsin or PAR2-AP can only potently induce breast cancer cell migration as a chemokinesis stimulant rather than a chemoattractant (Figure 2) . Factor VIIa and Xa are known to activate both PAR1 and PAR2 (Ruf and Mueller, 2006) , and it is thus possible that PAR2 agonist can induce chemotaxis when PAR1 is also activated. This possibility is supported by a recent study that PAR2-AP induced significant chemotaxis in melanoma and prostate cancer cells only when PAR1-activating peptide was present (Shi et al., 2004) . Interestingly, an early study showed that TF alone could induce smooth muscle cell chemotaxis (Sato et al., 1996) . It is likely that the disparity in the ability of PAR2 to induce chemotaxis is simply due to different cell lineage. A recent study shows that TF can interact with b 1 -integrin and disruption of TF-b 1 integrin interaction with specific monoclonal antibody inhibits TF-PAR2 signaling (Versteeg et al., 2008) . We reason that the ability of TF to induce chemotaxis can also attribute to its interaction with b 1 -integrin. The absence of interaction between trypsin or PAR2-AP and b1 integrin may explain their inability to induce chemotaxis in breast cancer cells.
A recent study reports that factor VIIa-induced upregulation of interleukin-8 expression facilitates PAR2-mediated breast cancer cell migration (Hjortoe et al., 2004) . Another study shows that constitutive PAR2-mediate breast cancer cell migration requires both b-arrestin-1 and 2 (Ge et al., 2004) . However, these studies have not revealed the signaling cascade associated with PAR2-agonits-induced cell migration. By specifically blocking the functionality or expression of the pertinent signaling molecules, we show that the signaling pathway consisting of G ai -c-Src-JNK mediates PAR2 agonist-induced breast cancer cell chemokinasis (Figures 3-5, Supplementary Figures S3  and S4 ). An early study shows that JNKs facilitates cell migration by directly phosphorylating paxillin Ser 178 (Huang et al., 2003) . Ser 178 phosphorylation of paxillin is suggested to be important for adhesion turnover that is required for cell migration (Huang et al., 2004) . We found that both trypsin and PAR2-AP induced paxillin Ser 178 phosphorylation and intercepting JNK signaling prevented PAR2 agonist-induced paxillin Ser 178 phosphorylation ( Figure 6 ). AS non-JNK-phosphorylable paxillin(S178A) blocked PAR2 agonistinduced cell migration (Figure 6 ), we rationalize that PAR2 agonist activates JNKs, which promote breast cancer cell migration through the Ser 178 phosphorylation of paxillin.
In conclusion, we have shown that PAR2 level is elevated in both established breast cancer cell lines and primary breast tumor specimens. We have also identified the G ai -c-Src-JNK-paxillin signaling pathway that is important for PAR2 agonist-induced breast cancer cell chemokinesis. As cell migration is one of the most critical components of cancer progression, we speculate that PAR2 may represent an attractive target for breast malignancies.
Materials and methods
Breast cancer cell lines and breast tumor tissue arrays All breast cells and breast cancer cell lines were obtained from ATCC (Manassas, VA, USA) and cultured in the condition recommended by ATCC. Human primary mammary epithelial cells were purchased from Lonza Inc. (Allendale, NJ, USA). Breast tumor tissue arrays (Od-CT-RpBre01-02 and T07-001) were obtained from Shanghai Outdo Biotech Co. (Shanghai, China). The array contains 105 cases of primary carcinomas including 90 invasive ductal carcinomas, 5 medullary carcinomas, 5 infiltrating lobular carcinomas and 5 mucinous adenocarcinomas. In parallel, 24 normal breast tissues from the regions around cancers were also included in the array. All experiments involving human tissues were conducted in accordance with the protocols approved by the Shanghai University of Traditional Chinese Medicine Research Ethics Board.
Immunohistochemistry
Immunostaining was performed using the DAKO SLAB Kit (Dako Co., Carpinteria, CA, USA) as previously described (Su PAR2 in breast cancer S Su et al et al., 2001a, b) . Briefly, the sections were deparaffinized, blocked and then incubated with anti-PAR2 mAb (SAM11, Santa Cruz Biotechnology, Santa Cruz, CA, USA) at a dilution of 1:200 followed by incubation with the biotinylated secondary antibody. The sections were subsequently incubated with peroxidase-labeled streptavidin and visualized by DAB. The positive PAR2 staining was confirmed by competition with PAR2 peptide (Santa Cruz Biotechnology) in the parallel experiment. The intensity of PAR2 immunostaining was graded based on the percentage of cells displaying PAR2 staining and average 1000 cells counted for each sample. 'À' represents negative PAR2 staining; ' þ ' represents weak PAR2 staining (o25% positive); ' þ þ ' and 'þ þ þ ' were considered as PAR2 overexpression (25-50% and >50%, respectively).
Transwell migration assay
The migration was performed using Costar Transwell (Corning Inc., Corning, NY, USA). Briefly, the undersurface of transwell was coated with 10 mg/ml collagen I, 10 5 cells then added to the upper wells and allowed to migrate for 4 h. Cotton swabs were used to remove cells in the upper surface of the transwells, and migratory cells attached on the undersurface were stained with crystal violet solution. Wells were gently rinsed with water and dried in the air. Crystal violet-stained attached cells were solubilized with 100 ml of 10% acetic acid and quantitated on a microplate reader at 600 nm. As indicated, various concentrations of trypsin and PAR2-AP were added into the medium in either upper wells or underwells or both to stimulate cell migration. To identify the signaling molecules potentially involved in PAR2 agonist-induced cell migration, cells were either treated for 24 h (purtussis toxin) or 2 h (all other inhibitors) before migration assay. Alternatively, cells were transfected with mammalian expression vectors encoding constitutively active or dominant negative forms of signaling molecules or siRNAs with AMAXA electroporation apparatus (Lonza Inc., Allendale, NJ, USA) using the manufacturer's protocols for each individual cell line. Migration was assayed 2 (plasmid transfection) or 3 days (for siRNA transfection) after transfection. We constantly achieve over 80% of transfection efficiencies in these cell lines as determined by GFP reporter plasmid transfection.
Cell growth
Cell growth was analysed by MTT assay. Briefly, 3 Â 10 4 cells were plated into each well on 24-well plates for overnight, and then switched to 0.5% fetal calf serum-containing medium with 0.1-1 nM trypsin or 10-100 mM PAR2-AP. After 3 days, 200 ml of 40 mg/ml MTT was added into each well and incubated at 37 1C for 2 h. The formed crystals were dissolved in dimethylsulfoxide and cell number quantitated by a microplate reader at 560 nm.
Immunoblotting
Overnight-seeded cells were starved for 24 h and then stimulated with 1 nM trypsin or 100 mM PAR2-AP for varying times. Cells were washed with ice-cold phosphate-buffered saline and then lysed in RIPA buffer (phosphate-buffered saline containing 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM Na 3 VO 4 , and 100 mg/ml phenylmethylsulfonyl fluoride). Cell lysates (50 mg of protein) were boiled in non-reducing SDS sample buffer, electrophoresed on a 10% polyacrylamide SDS gel, and transferred onto nitrocellulose membranes (Millipore, Billerica, MA, USA). PAR2 was detected by anti-PAR2 mAb (SAM11). Information about the other antibodies used in immunoblotting is included in Supplementary Materials.
Statistical analysis
Statistical analysis for immunohistochemistry of PAR2 expression was performed using the SPSS 14.0 software (SPSS Inc. Chicago, IL, USA). The w 2 and Fisher's exact tests were used to examine the correlation between PAR2 expression and other clinicopathological characteristics. Statistical analysis of cell migration was carried out by Student's t-test using Microsoft Excel software.
